INTRODUCTION {#S1}
============

Acute Leukemia, including acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), is an aggressive and lethal blood cancer afflicting people of all ages^[@R1],\ [@R2]^. Although the 5-year survival rate for some subtypes of ALL patients under the age of 15 has achieved a high cure rate (\~80%), the 5-year overall survival rate for AMLs is still only \~40%^[@R3]--[@R6]^. AML has been traditionally characterized as a cell autonomous disorder resulting from genetic mutations in hematopoietic stem cells (HSCs) or committed progenitor compartments^[@R7],\ [@R8]^. The MLL gene, located at human chromosome 11 band q23 (11q23), is frequently involved in chromosome translocation and gives rise to a chimeric transcript consisting of 5' MLL and 3' sequences of a partner gene. Most frequently, MLL rearrangements are MLL-AF4, MLL-AF6, MLL-AF9, MLL-AF10 and MLL-ENL^[@R9]^, which are found in \~10% of human leukemia^[@R10]^.

Leukemia stem cells (LSCs), a rare subpopulation of AML cells with limitless self-renewal potential and differentiation block, are capable of initiation, maintenance, and serial propagation of AMLs. Targeting LSCs has been considered as a key therapeutic strategy for AML relapse and long-term outcomes of AML clinical therapy. Self-renewal of LSCs is involved in activation of numerous signaling pathways including HoxA cluster, Wnt-beta-catenin, telomerase activation, NF-κB, and mTOR/PI3K/PTEN^[@R6],\ [@R7],\ [@R11]--[@R14]^.

Slug/Snail2, a zinc-finger transcriptional repressor, is a highly conserved Slug/Snail family of transcriptional factors found in diverse species^[@R15]^. Slug/Snail2 is involved in many important biological regulation processes, such as epithelial-mesenchymal transition (EMT), mammary stem cell activity, cancer metastasis, and cellular reprogramming^[@R16]--[@R19]^. Previous studies report that Slug is specifically expressed in t (17;9) (q22;p13) leukemic cells^[@R20]^. Transgenic mice expressing Slug develop mesenchymal tumors (leukemia and sarcomas)^[@R21]^. Our recent studies show that Slug deficiency enhances self-renewal of HSCs during hematopoietic regeneration through a novel negative-feedback regulatory loop in the SCF/c-Kit signaling pathway^[@R15],\ [@R22]^. However, the roles of Slug in LSC initiation and maintenance and therapeutic capacity of AML are still unknown.

In the present study, we investigated roles of Slug in LSC initiation and maintenance in MLL-AF9-induced leukemia and potential therapeutics for human AML cells. We demonstrated that SLUG is highly expressed in bone marrow, peripheral blood, and L-GMPs of human AML patients. Slug deficiency delays MLL-AF9 mediated leukemia onset by reducing cycling LSCs and promoting LSC apoptosis. Suppression of Slug expression impaired the maintenance of LSCs. Using microarray analysis, we found that endogenous Slc13a3 (also called NaDC3, a Na^+^/dicarboxylate cotransporter) is highly elevated in Slug-deficient LSCs compared to wild-type LSCs. By quantitative PCR (qPCR) analysis, chromatin immunoprecipitation (ChIP) assay, and colony-forming assay, we established Slc13a3 as a direct target gene of Slug in leukemogenesis. Consistently, overexpression of Slc13a3 reduced the colony number *in vitro*, decreased the frequency of LSCs, and delayed mouse AML progression *in vivo*. Slug/Slc13a3 signaling pathway enhances intracellular reactive oxygen species (ROS) level and ROS inhibitor N-acetyl-L-cysteine (NAC) attenuates the roles of Slug and Slc13a3 in leukemia progression by regulation of cell cycle and apoptosis of LSCs. Furthermore, using inducible inhibition shRNA system and TAT-SNAG (a cell-permeable peptide corresponding to the SNAG domain of SLUG), we showed that genetic inhibition or pharmacological targeting of SLUG impairs human AML cell growth. Meanwhile, TAT-SNAG dramatically enhances cytotoxic effects of cytarabine on human AML cells. Similarly, we observed a significant downregulation of SLC13A3 expression in human AML patients, which is positively correlated with SLUG expression. Overexpression of Slc13a3 suppresses human AML cell growth and colony formation *in vitro*. Together, our study provides strong evidence that Slug is essential for the initiation and maintenance of LSCs in MLL-AF9-induced leukemia and demonstrates that Slug and Slc13a3 are potential therapeutic targets for LSCs.

MATERIALS AND METHODS {#S2}
=====================

Mice {#S3}
----

C57BL/6 and C57/6.SJL were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). *Slug* knockout mice were generated as described previously and backcrossed to C57BL/6 (CD45.2) background for \> 6 generations^[@R20]^. All the animal studies were approved by the Animal Care and Use Committee at Shanghai University and the University of Illinois at Chicago (Approval Number: 16--111).

Additional information can be found in [Supplemental Methods](#SD1){ref-type="supplementary-material"}.

RESULTS {#S4}
=======

SLUG expression is elevated in AML patients {#S5}
-------------------------------------------

Our previous reports showed that *Slug* is selectively expressed in mouse HSCs and myeloid lineages^[@R22]^. To assess the potential clinical relevance of SLUG expression levels in AML patients and in the normal human population, we searched clinical databases online (<http://medicalgenome.kribb.re.kr/GENT/overview.php>) and found that SLUG expression was aberrantly overexpressed in peripheral blood cells of AML patients, bone marrow (BM) cells of FAB (FAB, French-American-British classification) subtype AML-M1, M2, M3, M4, M5 versus normal blood cells and bone marrow cells ([Figure 1A](#F1){ref-type="fig"}, [Supplemental Figure 1](#SD4){ref-type="supplementary-material"}, [Supplemental Table 1](#SD2){ref-type="supplementary-material"}). More importantly, the upregulation of SLUG expression was observed in LSCs of AML patients compared to normal GMPs ([Supplemental Figure 2](#SD4){ref-type="supplementary-material"}). Using quantitative PCR (qPCR), we observed that *Slug* transcription was upregulated in Lin^−^Sca-1^+^ hematopoietic stem and progenitor cells (HSPCs) expressing various oncogenes (MLL-AF9, HoxA9 and Mesi1) ([Figure 1B](#F1){ref-type="fig"}, [Supplemental Figure 3](#SD4){ref-type="supplementary-material"}). To evaluate the expression levels of *Slug* in LSCs, we also examined an AML mouse model driven by MLL-AF9. *Slug* expression in LSCs (defined as L-GMP, Lin^−^ GFP^+^ c-Kit^+^ CD34^+^ CD16/32^+^) was much higher than that in normal GMPs (Lin^−^ c-Kit^+^ CD34^+^ CD16/32^+^), but similar to that in normal HSCs (Lin^−^ Sca-1^+^ c-Kit^+^ CD150^+^ CD48^−^), suggesting that Slug was downregulated in committed progenitors (i.e. GMP) but reactivated in LSCs ([Figure 1C](#F1){ref-type="fig"}). The data in the AML mouse model were consistent with the results in human AML cells, which suggests that Slug may have an important role in AML

### *Slug* deficiency impairs self-renewal of LSCs and delays AML onset in murine AML {#S6}

In order to determine the role of Slug in AML cells, we enriched Lin^−^Sca-1^+^ HSPCs from *Slug*^*+/+*^ or *Slug*^*−/−*^ mice by a single intraperitoneal dose of 5-fluorouracil (5-FU) and then transduced with retroviral MLL-AF9 particles ([Figure 2A](#F2){ref-type="fig"}). *In vitro* colony-forming/replating assays showed that Slug deficiency suppressed MLL-Af9-mediated immortalization of mouse HSPCs ([Figure 2B](#F2){ref-type="fig"}). AML colonies induced by MLL-AF9 are CFU-GM-like colonies. *Slug*^*−/−*^ AML colonies were characteristically smaller compared to *Slug*^*+/+*^ AML colonies ([Supplemental Figure 4](#SD4){ref-type="supplementary-material"}). To examine the roles of Slug for AML *in vivo*, equal numbers of *Slug*^*+/+*^ or *Slug*^*−/−*^ MLL-AF9-transduced Lin^−^Sca-1^+^ HSPCs were transplanted into irradiated CD45.1 recipients. Both MLL-AF9-transduced *Slug*^*+/+*^ and *Slug*^*−/−*^ HSPCs developed AML with full penetrance in recipient mice; however, *Slug*^*−/−*^ AML displayed significantly delayed AML onset compared to *Slug*^*+/+*^ median survival, 77 days vs 57 days, respectively (*P* \< 0.01) ([Figure 2C](#F2){ref-type="fig"}, [Supplemental Figure 5A](#SD4){ref-type="supplementary-material"}). To assess the impact of *Slug* depletion on long-term self-renewal of LSCs, we isolated AML cells from leukemic *Slug*^*+/+*^ or *Slug*^*−/−*^ primary recipients and transplanted these cells into syngeneic-irradiated secondary CD45.1 recipients. *Slug*^*−/−*^ AML secondary recipients showed fewer GFP^+^ cells and leukemic blasts in peripheral blood (PB) ([Supplemental Figure 5B](#SD4){ref-type="supplementary-material"}, [5E](#SD4){ref-type="supplementary-material"}). Consistent with these findings, other parameters of AML severity were also reduced, e.g., spleen size and weight, and PB white cell count (WCC) ([Supplemental Figure 5F](#SD4){ref-type="supplementary-material"}, [5G](#SD4){ref-type="supplementary-material"}, [5D](#SD4){ref-type="supplementary-material"}). Similar to our primary BM transplantation ([Supplemental Figure 5C](#SD4){ref-type="supplementary-material"}), the *Slug*^*+/+*^ group developed AML significantly faster than the *Slug*^*−/−*^ group (median survival, 62 days vs 86 days, respectively; *P* \< 0.01). To validate these findings in other subtypes of AML, we transduced Lin^−^Sca-1^+^ HSPCs from *Slug*^*+/+*^ or *Slug*^*−/−*^ mice with retroviral NUP98-HoxA9 particles, and then performed colony-forming assay and *in vivo* leukemogenesis assay. Our data showed that *Slug* depletion suppressed colony formation *in vitro* and prolonged recipient survival ([Supplemental Figure 6](#SD4){ref-type="supplementary-material"}). Collectively, these data demonstrated that *Slug* deficiency prolonged survival and diminished AML expansion.

The frequency of LSCs is thought to be correlated with patient prognosis as well as leukemia progression in mice^[@R9]^. We further analyzed LSC frequency in *Slug*^*+/+*^ and *Slug*^*−/−*^ secondary recipients. The results showed that *Slug* deficiency had lower L-GMP frequency ([Figure 2D](#F2){ref-type="fig"}, [Supplemental Figure 7](#SD4){ref-type="supplementary-material"}), suggesting that *Slug* might regulate the self-renewal of LSCs. Cell cycle analysis revealed that there were fewer S/G2/M phase *Slug*^*−/−*^ LSCs with a concordant increase in G0/G1 phases compared with *Slug*^*+/+*^ LSCs ([Figure 2E](#F2){ref-type="fig"}). *Slug*^*−/−*^ LSCs also showed extensive apoptosis in comparison to *Slug*^*+/+*^ LSCs ([Figure 2F](#F2){ref-type="fig"}). To directly evaluate the effect of *Slug* depletion on the frequency of leukemia stem/initiation cells (LSCs/LICs), we conducted limiting dilution assays. As expected, the estimated LSC/LIC frequency of the *Slug*^*−/−*^ group was significantly lower than that of the *Slug*^*+/+*^ group (1/132.1--1250 versus 1/11.7--122) ([Figure 2G](#F2){ref-type="fig"}). Since the survival difference between *Slug*^*+/+*^ and *Slug*^*−/−*^ AML recipients may be in part due to homing efficiency, we determined homing capability of secondary transplanted *Slug*^*+/+*^ and *Slug*^*−/−*^ AML cells. The results showed that home efficiencies were similar between *Slug*^*+/+*^ and *Slug*^*−/−*^ AML cells at 16 h after BM transplantation ([Figure 2H](#F2){ref-type="fig"}). Collectively, these data demonstrated that *Slug* deficiency impaired cell cycle and enhanced apoptosis in LSCs, thereby delaying AML progression *in vivo*.

### Inhibition of endogenous *Slug* impairs self-renewal of MLL-AF9-deriven LSCs {#S7}

To determine the functional significance of *Slug* in definitive LSCs, we knocked down *Slug* in MLL-AF9 driven-LSCs by lentivirus-expressing shRNAs. Our data showed that endogenous *Slug* was reduced 85% in LSCs by the two *Slug* shRNAs ([Supplemental Figure 8A](#SD4){ref-type="supplementary-material"}). Next, we performed colony-forming/replating assays using MLL-AF9-driven LSCs transduced with scrambled shRNA (control) and two *Slug* shRNAs, respectively. Knockdown of endogenous *Slug* significantly reduced colony numbers in comparison to the control group ([Supplemental Figure 8B](#SD4){ref-type="supplementary-material"}). Next, we transplanted an equal number of shRNA-transduced LSCs into irradiated CD45.1 recipient mice. After 3 weeks of transplantation, we analyzed AML cells in PB, spleen weight, LSC frequency, and cell cycle and apoptosis of LSCs. The results showed that inhibition of endogenous *Slug* decreased the frequency of GPF^+^ AML cells in PB and LSC frequency in BM compared with the control group ([Supplemental Figure 8C](#SD4){ref-type="supplementary-material"}-[8E](#SD4){ref-type="supplementary-material"}). Suppression of *Slug* expression also attenuated cell cycle and promoted apoptosis in a knockdown efficiency-dependent manner, consistent with the previous data ([Supplemental Figure 8F](#SD4){ref-type="supplementary-material"}, [8G](#SD4){ref-type="supplementary-material"}). Notably, knockdown of *Slug* prolonged the survival of the recipient and delayed leukemia progression (median survival, 49 days in control group vs 58 and 61 days in two shRNA groups, respectively, *P* \< 0.01) ([Supplemental Figure 8H](#SD4){ref-type="supplementary-material"}). These data demonstrated that inhibition of *Slug* expression significantly impaired self-renewal capacity of LSCs.

### *Slc13a3* is a direct target of *Slug* in MLL-AF9-deriven LSCs {#S8}

To gain insights into molecular mechanisms by which *Slug* regulates the self-renewal of LSCs, we sorted *Slug*^*+/+*^ and *Slug*^*−/−*^ MLL-AF9-driven LSCs from two groups of leukemic recipients. Next, we compared gene expression profiles in the two groups of LSCs by performing microarray analysis ([Figure 3A](#F3){ref-type="fig"}). We found that 35 genes were upregulated, and 17 genes that were downregulated by \>2.0-fold (*P* \< 0.05) in *Slug*^*−/−*^ LSCs compared with *Slug*^*+/+*^ LSCs ([Supplemental Table 5](#SD4){ref-type="supplementary-material"}). Among the 52 *Slug*-regulated transcripts, some transcripts (e.g., *Erdr1*, *GPR84*, *Lcn2*, *Wap*, *Tbrg1*, *Slc2a5*, and *Elovl7*) have been shown to play important roles in different types of cancer. Using real-time PCR, we validated our microarray results and confirmed that *Tbrg1*, *Erdr1*, and *Slc13a3* were upregulated, and *Slc2a5* and *Elovl7* were repressed in *Slug*^*−/−*^ LSCs ([Figure 3B](#F3){ref-type="fig"}). Since *Slug* mainly functions as a transcription repressor, we thus decided to focus on *Slc13a3* that is highly expressed in renal tissues. In order to search *Slug* binding sites in proximal promoter regions of *Slc13a3* (\~1.0 kb from transcription start site), we performed promoter analysis using software INSECT2.0 and found two E-boxes (CAGGTG or CACCTG) as *Slug* binding sites ([Figure 3C](#F3){ref-type="fig"}). Therefore, we decided to focus on *Slc13a3* as a potential target gene of *Slug* in regulation of LSCs. To determine whether *Slc13a3* is a true gene target of the Slug transcriptional repressor, we generated a luciferase reporter driven by the *Slc13a3* promoter (Slc13a3-Luc). Next, we performed luciferase reporter assays to validate our bioinformatics prediction by transfecting *Slc13a3* promoter reporter together with a Slug expression plasmid in 293T cells. Our data revealed that the *Slc13a3* luciferase reporter was inhibited 50% by Slug overexpression ([Figure 3D](#F3){ref-type="fig"}). To test whether Slug could compete for occupancy at the E-boxes within promoter region of *Slc13a3* with other E-box binding transcription factors, we performed *Slc13a3* luciferase reporter assay by co-transfecting c-Myc expression vector with an increasing dose of Slug expression vector. The results showed that overexpression of Slug did not affect transcription activation of c-Myc on *Slc13a3* luciferase reporter ([Supplemental Figure 9](#SD4){ref-type="supplementary-material"}). To examine whether *Slug* directly occupies the *Slc13a3* promoter, we overexpressed a Flag-tagged Slug in HSPCs using retrovirus and then performed ChIP assay using anti-Flag antibody. A pair of primers were designed to amplify the DNA fragment covering the two E-Boxes in *Slc13a3* promoter. As shown in [Figure 3E](#F3){ref-type="fig"} and [Supplemental Figure 10](#SD4){ref-type="supplementary-material"}, a specific DNA fragment was amplified from the ChIP sample pulled down by the anti-Flag antibody but not by normal IgG control, indicating that *Slug* specifically binds to the *Slc13a3* promoter region *in vivo*. Our ChIP data indicates that Slc13a3 is a direct transcriptional target of *Slug* in LSCs, hence a key question arises: does *Slug* regulate LSC self-renewal via *Slc13a3*? To this end, we generated lentiviral particles expressing scrambled shRNA (control) and four *Slc13a3* shRNAs (\#1, \#2, \#3, and \#4) were used to infect LSCs. As shown in [Figure 3F](#F3){ref-type="fig"}, all Slc13a3 shRNAs significantly knocked down the expression of endogenous *Slc13a3* in LSCs. Then, we performed *in vitro* colony-forming assay using LSCs expressing Slc13a3 shRNA \#1 and \#3, respectively ([Figure 3G](#F3){ref-type="fig"}). Our data showed that knockdown of *Slc13a3* rescued colony-forming capacity of *Slug*-deficient LSCs. Together, our findings demonstrated that *Slc13a3* is a direct functional target of *Slug* in LSCs.

### *Slc13a3* overexpression delays the development of MLL-AF9-deriven AML by Slug/ROS signaling {#S9}

Because *Slug* deficiency increased the expression of endogenous *Slc13a3*, we questioned whether forced expression of *Slc13a3* alone could impair AML development. To address this question, we overexpressed *Slc13a3* in LSCs by a retroviral vector. We showed that *Slc13a3* was moderately upregulated by 3.2-fold in retroviral vector expressing Slc13a3 when compared to the normal kidney tissue ([Supplemental Figure 11](#SD4){ref-type="supplementary-material"}). Compared to the control group, overexpression of *Slc13a3* reduced colony numbers *in vitro* ([Figure 4A](#F4){ref-type="fig"}). We transplanted an equal number of LSCs harboring retroviral vector only or overexpressing *Slc13a3* into irradiated recipient mice. Our flow-cytometric analysis showed that recipient mice transplanted with LSCs expressing *Slc13a3* exhibited much lower L-GMP frequency in BM at 16 weeks after transplantation ([Figure 4B](#F4){ref-type="fig"}). Furthermore, overexpression of Slc13a3 significantly delayed the progression of MLL-AF9-driven leukemia ([Figure 4C](#F4){ref-type="fig"}). It has been reported that Slc13a3 is a Na^+^/dicarboxylate cotransporter and it is associated with the Krebs cycle occurring in mitochondrial matrix for transporting several substrates, such as pyruvate, citrate, glutamine, and succinate^[@R24]^. This would suggest that there is a possible link between *Slc13a3* and mitochondrial function. In AML cells, mitochondria generate ATP and consequently gives rise to intracellular ROS that are directly or indirectly involved in cell cycle regulation and apoptosis^[@R25],\ [@R26]^. Therefore, we next sought to test whether forced-expression of *Slc13a3* affects ROS production. Mean fluorescence intensity (MFI) analysis showed that intracellular ROS level was elevated in LSCs-overexpressing Slc13a3 ([Figure 4D](#F4){ref-type="fig"}). Next, we examined the effect of endogenous Slug on the level of ROS in LSCs from the recipients of LSCs. As expected, depletion of endogenous Slug increased intracellular ROS levels in LSCs. Knockdown of Slc13a3 reduced intracellular ROS levels in *Slug*^*−/−*^ LSCs ([Figure 4E](#F4){ref-type="fig"}). Furthermore, we showed that forced-expression of Slug increased colony formation ability *in vitro* and downregulated the expression of endogenous *Slc13a3* in MLL-AF9-driven AML cells. In AML recipient mice forced-expression of Slug in LSCs showed higher GFP^+^ cells in peripheral blood (PB), higher frequency of L-GMP in BM, and decreased endogenous ROS level in LSC when compared to the control group ([Supplemental Figure 12](#SD4){ref-type="supplementary-material"}). To further investigate whether Slug/Slc13a3 impaired LSCs by regulating intracellular ROS, we used the antioxidant N-acetyl-L-cysteine (NAC) to reduce ROS levels in the recipients. The results showed that NAC administration impaired functions of Slug and Slc13a3 on LSCs and leukemia progression ([Figure 4F](#F4){ref-type="fig"}-[4H](#F4){ref-type="fig"}, [Supplemental Figure 13](#SD4){ref-type="supplementary-material"}). In total, our data indicated that *Slug* functions as a negative regulator of the *Slc13a3*-ROS signaling pathway ([Figure 4I](#F4){ref-type="fig"}).

### Suppression of SLUG and forced-expressed SLC13A3 impairs human AMLs {#S10}

Although the results from the murine models provided robust evidence for a critical function of Slug and Slc13a3 on the establishment and maintenance of murine LSC induced by MLL-AF9, it was not clear whether SLUG and SLC13A3 also affects the development of human leukemia. To this end, we generated inducible lentiviral particles expressing scrambled shRNA (control) and two human SLUG shRNAs (\#1 and \#2). As shown in [Supplemental Figure 14A](#SD4){ref-type="supplementary-material"}, SLUG shRNA \#1 and \#2 reduced the expression of endogenous SLUG in human leukemia cells by 47% and 70% after induced by doxycycline, respectively. Next, we transduced the three shRNA-expressing lentiviral particles into five different human leukemic cell lines including THP-1 cells carrying t(9;11), MONOMAC-6 cells carrying t(9;11), NOMO-1 cells carrying t(9;11), MV4--11 cells carrying t(4;11), and NB4 cells carrying t(15;17). Stable infected leukemia cell lines were selected by puromycin following lentiviral infection and expanded for further studies. By performing cell growth/proliferation assay, we showed that inducible knockdown of SLUG inhibited the growth of all human leukemia cells ([Supplemental Figure 14B](#SD4){ref-type="supplementary-material"}--[14F](#SD4){ref-type="supplementary-material"}) with different inhibitory efficiencies. *In vitro* colony-forming assay revealed a reduced colony number in the groups with inducible knockdown of SLUG in comparison to scramble shRNA groups ([Supplemental Figure 14G](#SD4){ref-type="supplementary-material"}). To examine whether knockdown of *SLUG* impairs LSC self-renewal in human AML cells, we conducted long-term culture-initiating assay. The results showed the estimated LSC/LIC frequency of the SLUG-knockdown group was significantly lower than that of the control group (1/120.57--634.2 versus 1/4.11--25.2) ([Supplemental Figure 14H](#SD4){ref-type="supplementary-material"}). In addition, knockdown of *SLUG* elevated the mRNA and protein levels of SLC13A3 in human AML cells ([Supplemental Figure 14I](#SD4){ref-type="supplementary-material"}, [14J](#SD4){ref-type="supplementary-material"}).

To investigate whether pharmacological targeting of SLUG could serve as a therapeutic strategy for treating AML, we designed TAT-SNAG, a cell-permeable peptide corresponding to the SNAG domain of SLUG and delivered it into several human leukemia cells ([Supplemental Figure 15](#SD4){ref-type="supplementary-material"}). Inhibition of human leukemia cell growth by this peptide was observed in all AML cells ([Supplemental Figure 16A](#SD4){ref-type="supplementary-material"}--[16G](#SD4){ref-type="supplementary-material"}). *In vitro* colony-forming assay revealed a reduced colony number in the TAT-SNAG groups in comparison to the control peptide treated groups ([Supplemental Figure 16H](#SD4){ref-type="supplementary-material"}). To further test whether TAT-SNAG peptide and standard chemotherapy drug could have synergistic effects on induction of cytotoxicity in AML cells, we treated human AML cells with cytarabine (Ara-C) and/or TAT-SNAG peptide. The results showed that TAT-SNAG peptide combined with Ara-C significantly suppressed the growth of human AML cell lines ([Figure 5](#F5){ref-type="fig"}, [Supplemental Figure 17](#SD4){ref-type="supplementary-material"}).

To evaluate the roles of Slc13a3 in human AML cells, we first assessed potential clinical relevance of SLC13A3 expression levels in AML patients and in normal human population. The results showed that SLC13A3 expression was obviously downregulated in peripheral blood cells of AML patients, BM mononuclear cells (MNCs) of FAB subtype AML-M1, M2, M3, M4, M5 versus normal blood cells and BM monocytes ([Supplemental Figure 18A](#SD4){ref-type="supplementary-material"}, [18B](#SD4){ref-type="supplementary-material"}, [Supplemental Table 2](#SD3){ref-type="supplementary-material"}). SLC13A3 expression was also decreased in LSCs from AML patients compared to normal GMPs ([Supplemental Figure 18C](#SD4){ref-type="supplementary-material"}). Meanwhile, we observed a significant positive correlation between SLUG expression and SLC13A3 expression ([Supplemental Figure 19A](#SD4){ref-type="supplementary-material"}). In contrast, we did not observe any significant correlation between SNAIL1 or SNAIL3 (other SLUG/SNAIL family members) and SLC13A3, and the correlations of SLUG with KIT, FOXM1, c-MYC ([Supplemental Figure 19B](#SD4){ref-type="supplementary-material"}--[19F](#SD4){ref-type="supplementary-material"}). Of note, the correlation between SLUG and SLC13A3 expression was not particularly strong, which is expected since SLC13a3 is likely regulated by additional mechanisms.

Next, we explored functional potentials of SLC13A3 in human AML cells. Forced-expression of Slc13a3 suppressed all human leukemia cell growth and reduced colony formation *in vitro* ([Supplemental Figure 18D](#SD4){ref-type="supplementary-material"}--[18K](#SD4){ref-type="supplementary-material"}). Collectively, these data demonstrate that SLUG and SLC13A3 is potential therapeutic targets for human AML.

DISCUSSION {#S11}
==========

AML is the first hematopoietic malignancy shown to be dependent on the LSC compartment^[@R27]^. Similar to normal HSCs, LSCs reside at the apex of a hierarchy of malignant cells, and have the capacity to generate leukemia. The self-renewal and differentiation block are two key features of LSCs. Targeting LSCs for clinical AML therapy is a promising strategy for preventing AML relapse and improving long-term outcomes. Here, we revealed that *Slug* negatively regulates LSC self-renewal in part through its direct target *Slc13a3*, a sodium-dependent dicarboxylate transporter (NaDC3). Functional roles of Slc13a3 in leukemogenesis have not previously been reported. But here, we observed that *Slug*/*Slc13a3* modulates LSC self-renewal by intracellular ROS. Either inhibition of Slug or forced-expression of *Slc13a3* is able to delay leukemia progression, suggesting that both *Slug* and *Slc13a3* are potential therapeutic targets of LSCs.

*Slug* is highly expressed in normal HSCs and involved in many important biological processes^[@R16]--[@R19],\ [@R22]^. Previous studies have shown that either overexpression of *Slug* in mice induces mesenchymal tumors (leukemia and sarcomas) or SLUG gene-silencing inhibits the growth of specific leukemia cell lines^[@R21],\ [@R28]^. Despite these descriptions of *Slug* in cancer development and leukemic cells, it has not been shown to the best of our knowledge that suppression of *Slug* not only delays the onset of AML and targets LSCs by regulation of the cell cycle and apoptosis *in vivo* and also negatively regulates the Krebs cycle's transporter Slc13a3.

It has been a challenge to identify specific therapeutic targets of LSCs, because LSCs appear to use self-renewal signaling pathways that are shared by normal HSCs^[@R29]^. Current chemotherapy does not only kill leukemic cells but also impairs normal HSC functions. Therefore, the reasonable that targeting LSCs is not only capable of alleviating leukemia and enhancing the effect of chemotherapy, but is also able to protect and promote HSC regeneration after chemotherapy. Interestingly, our prior data showed that depletion of *Slug* enhances the self-renewal of normal HSCs through a negative-feedback loop in SCF/c-Kit-Myc/FoxM1 signaling pathway during BM regeneration^[@R22]^. In our current study, we found that Slug has no effect on expression levels of c-Kit, c-Myc and FoxM1 in LSCs by microarray analysis (data not shown), no effect on expression of Slc13a3 and ROS levels in normal HSCs, and no significant correlations with KIT, FOXM1, and MYC in human AML patients. Our findings suggest that Slug regulates normal HSC and LSCs by distinct signaling pathways. Thus, taking those findings into account with the findings in the current study, we conclude that *Slug* is a potential target of LSCs for human AML therapy.

*Slc13a3*, a high-affinity sodium-dependent dicarboxylate cotransporter, belongs to the organic anion transmembrane transport protein family that is responsible for reabsorption or transport of Krebs cycle intermediates. *Slc13a3* is highly expressed in metabolically active tissues, such as in the kidney, liver and brain^[@R30]^. Although its physiological significance is clear, the functional roles of *Slc13a3* in mammalian cells, especially in LSCs, have not been elucidated. Previous reports showed that Slc13a3 induces premature cellular senescence with decreasing ATP level in renal tubular cells^[@R31]^. In our present study, *Slug* deficiency reactivated the expression of endogenous *Slc13a3* in LSCs. Interestingly, overexpression of *Slc13a3* in MLL-AF9-driven LSCs prolongs the survival of recipient mice with a reduced frequency of LSCs. Thus, our data suggest that *Slc13a3* is a potential suppressor of AML initiation and development.

Since *Slc13a3* is involved in cellular energy metabolism, ectopic expression of Slc13a3 will inevitably consume more oxygen and produce more ROS. Our current microarray results also revealed that Slc2a5 and Elovl7, two other cellular metabolic transcripts, were downregulated in *Slug*^*−/−*^ LSCs compared to *Slug*^*+/+*^ LSCs, suggesting both of the two genes are potential targets of Slug in LSCs. According to a recent study, Slc2a5 compensates for glucose deficiency in AMLs and may be linked to poor outcomes in AML patients^[@R32]^. *Elovl7*, a long-chain fatty acid elongase, is highly expressed in prostate cancer cells associated with lipid metabolism^[@R33]^. Knockdown of *Elovl7* dramatically attenuates the growth of prostate cancer cells. Taking those results into account with our findings, we postulate that Slug likely regulates cellular metabolism through its main downstream targets Slc13a3, Slc2a5, and Elovl7. Although there is no evidence elucidating the roles of Slug in normal HSC metabolism, the different functions of Slug on normal HSCs and LSCs implicates a different cellular metabolic signature between normal HSCs from that of LSCs.

Altogether, our current findings reveal a novel *Slug*/*Slc13a3* axis, which finely regulates an intracellular metabolic signaling pathway in LSCs. On the basis of our findings, pharmacological targeting of LSCs by either *Slug* or *Slc13a3*, together with chemotherapy, will be a highly effective strategy for improving outcomes in AML patients.
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![*Slug* is highly expressed in both human and mouse AML cells.\
(A) The expression of SLUG between normal bone marrow cells of healthy controls and FAB subtypes of AML patients. The data were obtained from a public microarray database (GSE15061, GSE11504, GSE19429, and GSE10358) (normal patient, n = 111; M0 patient n = 12; M1 patient n = 35; M2 patient n = 36; M3 patient n = 31; M4 patient n = 29; M5 patient n = 9).\
(B) qPCR analysis of the expression of endogenous *Slug* in mouse HSPCs transduced with retroviral vector only or retrovirus expressing MLL-AF9. Results are normalized to *Gapdh* expression and expressed relative to *Slug* expression in vector group (n = 3).\
(C) qPCR analysis of the expression level of *Slug* in mouse HSCs, GMP and LSC. The indicated cells were sorted by flow cytometry. HSC: Lin^−^Sca-1^+^c-Kit^+^CD150^+^CD48^−^, GMP: Lin^−^c-Kit^+^CD34^+^CD16/32^+^, LSC (L-GMP): GFP^+^Lin^low^c-Kit^+^CD34^+^CD16/32^+^ (n = 3). Results are normalized to *Hprt* expression and expressed relative to *Slug* expression in GMP group (n = 3).\
Data are representative of two to three independent experiments. All data are represented as mean ± SD. Two-tailed Student's *t*-test were used to assess statistical significance (\* *P* \< 0.05; \*\* *P* \< 0.01). See also [Supplemental Figure 1](#SD4){ref-type="supplementary-material"}, [2](#SD4){ref-type="supplementary-material"}, and [3](#SD4){ref-type="supplementary-material"}.](nihms-1531730-f0001){#F1}

![*Slug* deficiency impairs self-renewal of LSCs and delays MLL-AF9 leukemia onset.\
(A) Experimental schema of MLL-AF9-driven AML. BMCs were isolated from *Slug*^*+/+*^ or *Slug*^*−/−*^ mice treated with 150 mg 5-FU/kg BW for 6 days, transduced with MLL-AF9 retrovirus *in vitro* in order to generate AML cells, and transplanted into irradiated recipient mice (CD45.1). For primary transplantation, 1X10^3^ GFP^+^ cells were injected. For secondary transplantation, 5X10^5^ or 5X10^4^ GFP^+^ cells were injected.\
(B) Colony-forming assay of *Slug*^*+/+*^ or *Slug*^*−/−*^ AML cells (n = 3).\
(C) Survival analysis of primary recipient mice. Median survival was 57 versus 77 days post-transplant for primary recipients of *Slug*^*+/+*^ or *Slug*^*−/−*^ AML cells, respectively (*P* \< 0.01, Mantel-Cox test; n = 5).\
(D) Frequency of L-GMP in the BM and spleen (SP) from secondary recipients injected with 5X10^4^ *Slug*^*+/+*^ or *Slug*^*−/−*^ AML cells at week 7 post-transplantation (n = 4).\
(E) Cell cycle phase distribution of L-GMP cells in BM from secondary recipients injected with 5X10^4^ *Slug*^*+/+*^ or *Slug*^*−/−*^ AML cells at week 7 post-transplantation (n = 4).\
(F) Percentage of apoptotic L-GMP cells in the BM and SP from secondary recipients injected with 5X10^4^ *Slug*^*+/+*^ or *Slug*^*−/−*^ AML cells at week 7 post-transplantation (n = 4).\
(G) Limiting dilution assay of *Slug*^*+/+*^ and *Slug*^*−/−*^ LSCs from secondary transplantation recipients. LSC/LICs frequencies calculated by ELDA software (n = 5).\
(H) Quantification of homing AML cells at 16 h after transplantation of GFP^+^ gated AML cells from secondary recipients (n = 5).\
Data are representative of two to three independent experiments. Excluding survival analysis, all data are represented as mean ± SD. Two-tailed Student's t-tests were used to assess statistical significance (\* *P* \< 0.05; \*\* *P* \< 0.01). See also [Supplemental Figure 4](#SD4){ref-type="supplementary-material"}, [5](#SD4){ref-type="supplementary-material"}, and [7](#SD4){ref-type="supplementary-material"}.](nihms-1531730-f0002){#F2}

![Gene profiling using microarray analysis identifies *Slug* potential targets in L-GMP cells during MLL-AF9-deriven leukemia development.\
(A) Microarray analysis of gene expression profiles in L-GMP cells sorted from the secondary recipient mice transplanted with *Slug*^*+/+*^ or *Slug*^*−/−*^ L-GMP cells (n = 2). The data were analyzed by ANOVA test.\
(B) qPCR analysis of candidate target gene in L-GMP cells sorted from recipient mice transplanted with *Slug*^*+/+*^ or *Slug*^*−/−*^ AML cells (n = 3). Results are normalized to *Hprt* expression and expressed relative to expression of target genes in *Slug*^*+/+*^ L-GMPs (n = 3).\
(C) Diagram of E-Box for the *Slc13a3* promoter.\
(D) Slc13a3 luciferase reporter assays. 293T cells were transfected with Slc13a3-Luc together with pMIG (vector control) or pMIG-Slug, then cultured for 72 h before luciferase activity assay. pCMV-LacZ was included in each transfection as an internal control to normalized luciferase activity (n = 3).\
(E) Analysis of *Slug* occupancy at the *Slc13a3* promoter by ChIP-qPCR. qPCR was repeated three times.\
(F) qPCR analysis of *Slc13a3* knockdown in AML cells. Results are normalized to *Hprt* expression and expressed relative to *Slc13a3* expression in shRNA CTR group (n = 3).\
(G) Knockdown of Slc13a3 in part impaired the suppressive function of *Slug* on LSCs (n = 3).\
Data are representative of two to three independent experiments. All data are represented as mean ± SD. Two-tailed Student's t-tests were used to assess statistical significance (\* *P* \< 0.05; \*\* *P* \< 0.01).](nihms-1531730-f0003){#F3}

![Overexpression of Slc13a3 diminishes self-renewal of MLL-AF9-deriven LSCs by increasing ROS production.\
(A) Colony-forming assay of AML cells by forced-expression of *Slc13a3* (n = 3).\
(B) Frequency of L-GMP in the BM from primary recipients injected with 2X10^4^ AML cells infected with retroviral vector pMIG and pMIG-Slc13a3, respectively, at week 16 post-transplantation (n = 4).\
(C) Survival analysis of primary recipients injected with AML cells carrying pMIG vector or pMIG-Slc13a3. Median survival was 96 versus 144 days post-transplant for recipients of 2X10^4^ AML cells infected by pMIG vector and pMIG-Slc13a3, respectively (*P* \< 0.01, Mantel-Cox test; n = 8).\
(D) Flow cytometric analysis of ROS levels in L-GMPs from recipient mice injected with 2X10^4^ AML cells carrying pMIG vector and pMIG-Slc13a3, respectively. Levels of ROS were evaluated by flow cytometry. MFI, median fluorescence intensity (n = 4).\
(E) Effects of endogenous Slc13a3 on ROS level in LSCs with or without *Slug* gene.L-GMPs were harvested from recipient mice injected with *Slug*^*+/+*^ and *Slug*^*−/−*^ AML cells expressing scramble shRNA, Slc13a3 shRNA \#1 and \#3, respectively. Levels of ROS were evaluated by flow cytometry (n = 5).\
(F) Cell cycle phase distribution of L-GMP cells in BM from recipients injected with AML cells carrying pMIG or pMIG-Slc13a3 after treatment with saline or NAC (n= 4).\
(G) Percentage of apoptotic L-GMP cells in BM from recipients receiving AML cells infected with pMIG or pMIG-Slc13a3 following treatment with saline or NAC (n= 4).\
(H) Survival analysis of recipient mice receiving AMLs carrying retroviral vector pMIG or pMIG-Slc13a3 after treatment with saline or NAC. Median survival was 36, 33, 55, and 33 days post-transplant for recipients of AMLs infected with retroviral vectors pMIG or pMIG-Slc13a3, following treatment with saline or NAC, respectively (*P* \< 0.05, Mantel-Cox test; n = 6).\
(I) Action model of the *Slug*/*Slc13a3*/ROS cellular metabolic signaling pathway.\
Data are representative of two to three independent experiments. All data are represented as mean ± SD. Two-tailed Student's t-tests were used to assess statistical significance (\* *P* \< 0.05; \*\* *P* \< 0.01). See also [Supplemental Figure 13](#SD4){ref-type="supplementary-material"}.](nihms-1531730-f0004){#F4}

![Enhancement of the cytotoxic effects of cytarabine in synergism with TAT-SNAG peptide in human AML cells.\
(A-C) The growth of human AML cells after different treatments. The cells were cultured in RPMI1640 containing 10% fetal bovine serum treated with saline alone, cytarabine alone, the combination of cytarabine and control peptide (CP), or the combination of cytarabine and TAT-SNAG peptide (SP). The cell number was counted at different time points (n = 3). (A) THP-1, (B) NOMO-1, (C) NOMOMAC-6.\
Data are representative of three independent experiments. All data are represented as mean ± SD. Two-tailed Student's t-tests were used to assess statistical significance (\*\* *P* \< 0.01). See also [Supplemental Figure 17](#SD4){ref-type="supplementary-material"}.](nihms-1531730-f0005){#F5}
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